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Behavioral, neuropsychological, and neuroimaging data support the idea that numbers are
represented along a mental number line (MNL), an analogical, visuospatial representation
of number magnitude. The MNL is left-to-right oriented in Western cultures, with small
numbers on the left and larger numbers on the right. Left neglect patients are impaired
in the mental bisection of numerical intervals, with a bias toward larger numbers that are
relatively to the right on the MNL. In the present study we investigated the effects of opto-
kinetic stimulation (OKS) – a technique inducing visuospatial attention shifts by means of
activation of the optokinetic nystagmus – on number interval bisection. One patient with
left neglect following right-hemisphere stroke (BG) and four control patients with right-
hemisphere damage, but without neglect, performed the number interval bisection task in
three conditions of OKS: static, leftward, and rightward. In the static condition, BG misbi-
sected to the right of the true midpoint. BG misbisected to the left following leftward OKS,
and again to the right of the midpoint following rightward OKS. Moreover, the variability
of BG’s performance was smaller following both leftward and rightward OKS, suggesting
that the attentional bias induced by OKS reduced the “indifference zone” that is thought to
underlie the length effect reported in bisection tasks. We argue that shifts of visuospatial
attention, induced by OKS, may affect number interval bisection, thereby revealing an inter-
action between the processing of the perceptual space and the processing of the number
space.
Keywords: mental number line, neglect, pseudoneglect, optokinetic stimulation, spatial attention, number
processing, bisection, nystagmus
INTRODUCTION
Number processing is a fundamental skill for everyday living.
Indeed, numbers are necessary for many basic activities such as
achievingﬁnancialinteractionsandmanagement,tellingthetime,
selecting the correct bus, making a phone call, performing scien-
tiﬁc measurements, and so on. Thus, a brain without numbers
could make little sense of its internal and external environment,
giventhatvariousandimportanteverydayactivitiesinvolvingpro-
cessing of numbers should be compromised (see Dehaene, 1997;
Butterworth, 1999, for comprehensive reviews).
An essential question is how knowledge of number is repre-
sented in the brain. How, for example, can we decide quickly and
effortlesslywhichoftwonumeralsexpressesthegreatermagnitude
orwhichoftwosetscontainsthesmallernumberofelements?This
hasbeenanimportantchallengeforcognitiveneuroscientistsdur-
ing the last decades and encouraging theoretical proposals have
been formulated on various empirical grounds. Indeed, recent
researchonnumericalprocessinginanimalsandhumansconverge
on the view that knowledge of numbers constitutes a domain-
speciﬁc cognitive ability, with a speciﬁc neural substrate located
in the left and right inferior parietal cortices (see Dehaene et al.,
2003).
A far more complex issue, however, is that of the nature of
these representations. Dehaene and Cohen (1995) have proposed
a comprehensive cognitive–anatomical model to explain various
aspects of mathematical cognition. In this model, mathematical
informationisrepresentedbythreedistinctcodes:anArabiccode,
a verbal code, and a code consisting in a continuous, analogical
left-to-right oriented mental number line (MNL), where small
numbers are represented on the left and progressively larger num-
bersarerepresentedontheright.AccordingtoDehaeneandCohen
(1995), the three codes have different representational and func-
tional properties. The ﬁrst two codes, for example, are notation-
dependent (Arabic vs. verbal). More precisely, the verbal code is
responsible for the recognition and production of number words
(spoken and written), for the retrieval of rote-memorized arith-
metic facts (e.g., the multiplication table, the results of frequent
one-digit additions and subtractions, etc.), and for counting. The
Arabic code is implicated in the recognition and production of
Arabic digits, in parity judgment (i.e., decide if a number is odd
or even), and in multi-digit written calculations. The third code
(theMNL),incontrast,issupramodal(i.e.,notation-independent)
and,thus,itcanbeactivatedbothbynumerals(Arabicdigits,spo-
ken number words, written number words, etc.) and by directly
perceived numerosities of distinct elements in the environment
(objects, people, animals, etc.). The principal role of the MNL
is to represent the meaning both of numerals and of perceived
numerositiesbytranslatingthemintoacontinuousandanalogical
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magnitude code (Dehaene et al., 2003). Thus, the MNL supports
number comparison (e.g.,“is 5 bigger than 6?”) and approximate
calculation (e.g.,“does the operation 3+4 equals 15?”).
Ithasbeenshownthateachofthesecodeshasaspeciﬁccerebral
localization (Dehaene and Cohen,1995). More precisely,the Ara-
bic code is implemented in the inferior mesial occipital–temporal
corticesbilaterally,whereastheperisylviancircuitsofthelefthemi-
sphere support the verbal code. Finally, the analogical code is
subserved by the inferior parietal cortices bilaterally. The three
codesarecoordinatedbygeneral-purposeexecutivesystemslocal-
ized in the prefrontal cortices bilaterally (Dehaene and Cohen,
1995; Dehaene et al., 2003).
Although the notion of MNL is widely accepted in the numeri-
cal cognition literature,what remains controversial is whether the
MNL has a truly spatial nature (for reviews, see Dehaene et al.,
2003; Hubbard et al., 2005; Umiltà et al., 2009). Dehaene et al.
(1990) were the ﬁrst to report experimental evidence in favor of
the spatial format of the MNL. In their study, participants were
asked to decide, by pressing either a right-sided or a left-sided
key, whether Arabic digits displayed at ﬁxation were larger or
smaller than a ﬁxed reference number (i.e., 65). Although key
order was counterbalanced, Dehaene et al. (1990) observed that
participants were more efﬁcient in pressing the left-sided key for
responding“smaller”(Arabic digits <65) and the right-sided key
for responding“larger”(Arabic digits >65). Hence, there seemed
tobeaneffectofspatialcorrespondencebetweentheeffectorofthe
response and the position of the processed number on the MNL
(i.e.,leftorrightwithrespecttothereferencenumber).Inasecond
study, Dehaene et al. (1993) observed that there was a left-sided
key advantage for small numbers and a right-sided key advan-
tage for larger numbers, even in a task that did not require direct
manipulation of number magnitude. In this study, participants
were presented with centrally displayed Arabic digits, and they
wereaskedtoperformparityjudgmentsbypressingaleft-sidedor
aright-sidedkey.Theresultsrevealedthatparticipantsweresignif-
icantly faster and more accurate in responding to relatively small
numbers with their left hand, whereas they were more accurate
and fast in responding to relatively large numbers with their right
hand. This correspondence between the position of a number on
the MNL and the spatial position in which the response to that
number took place was termed the spatial numerical association
of response codes (SNARC) effect.
The SNARC effect, however, might be also explained by other
recent theories that dispense with the spatial coding of numbers
(seeGeversetal.,2006;ProctorandCho,2006).Forexample,Gev-
ersetal.(2006)developedacomputationalaccountof theSNARC
effect,in which“a speciﬁc number is not coded as left or right but
(...)iscodedaseithersmallorlarge,whichinturnactivatesleftor
right responses.”The account of Proctor and Cho (2006; see also
Santens and Gevers, 2008) is based on the idea that stimuli and
associatedresponsesinbinarychoicetasksarecodedwithpositive
andnegativepolarities.ProctorandCho(2006)suggestedthatthe
SNARC effect may be the result of coding large numbers as pos-
itive and small numbers as negative, which would then produce
matchormismatchwiththepolaritycodingofresponses(negative
for left and positive for right). We think, however, that the notion
of polarity correspondence does not run against the notion of a
spatial representation of numbers. The minus (−) and plus (+)
signs are systematically associated with Cartesian coordinates in
order to represent spatial positions to the left (−)o rt ot h er i g h t
(+) of a reference point (i.e.,zero). Kosslyn (1994,for review) has
proposedadualsystemforcodingspaceinthehumanbrain:coor-
dinate spatial codes (e.g., Cartesian coordinates), implemented in
therighthemisphere,andcategoricalspatialcodes(e.g.,left,right,
above, below, etc.), implemented in the left hemisphere. Thus,
polarity correspondence might simply involve Kosslyn’s categori-
cal spatial coding. Nevertheless, the graded nature of the SNARC
effect(i.e.,alinearprogressionfromleft-sidedresponseadvantage
toright-sidedresponseadvantageasmagnitudeincreases;e.g.,Fias
et al.,1996; Priftis et al.,2006) cannot be explained if coding were
only categorical.
Further evidence in favor of the spatial format of the MNL
has been reported in studies on neurological patients. Zorzi et al.
(2002) investigated whether the MNL has a left-to-right spatial
organization, by exploring the way numbers are represented in
patients affected by left neglect. These patients, more frequently
followingarightparietallesion,failtoreport,orientto,orverbally
describe stimuli in the contralesional side of space (i.e., the left
side; for review, see Halligan et al., 2003). When neglect patients
are asked to bisect physical lines, they systematically misbisect to
the right of the true midpoint of the line, as if they were ignoring
its leftmost part. Halligan and Marshall (1988; also see Marshall
and Halligan, 1989) observed that this rightward misbisection is
directly proportional to the length of the physical line. That is,the
longerthephysicalline,thegreaterthemisbisectiontotherightof
the true midpoint, although leftward misbisection was observed
for very short physical lines (i.e., the“crossover”effect).
To investigate whether the MNL has spatial features similar
to those of physical lines, Zorzi et al. (2002) asked left neglect
patientstomentallybisectnumericalintervals(e.g.,“Whichnum-
ber is halfway between 1 and 9?”). The results showed that left
neglect patients misbisected to the “right” of the true midpoint
of longer number intervals (e.g., responding that “7” is halfway
between “1” and “9”), but they misbisected to the left of the true
midpoint of shorter number intervals (e.g.,responding that“6”is
halfway between “7” and “9”). Thus, the overall pattern observed
in mental number interval bisection resembled that of left neglect
patients during the bisection of physical lines. The ﬁndings of
Zorzi et al. (2002) have been replicated and extended in a number
of recent studies reporting effects of neglect on number process-
ing (Rossetti et al., 2004; Vuilleumier et al., 2004; Doricchi et al.,
2005; Priftis et al., 2006, 2008; Zorzi et al., 2006; Cappelletti et al.,
2007; Zamarian et al., 2007; Hoeckner et al., 2008; Loftus et al.,
2008;Yangetal.,2009;forreviewseeUmiltàetal.,2009).Thecon-
verse relation has been also reported; that is, number processing
can modulate left neglect. Bonato et al. (2008) have reported that
the presence of small numbers ameliorates physical line bisection
in left neglect patients. Loftus et al. (2008) have shown that pro-
cessing of small numbers overcomes left neglect in a perceptual
task. Finally, a reliable “leftward” bias (i.e., “pseudoneglect”) has
been reported in healthy participants engaged in various numer-
ical tasks (Longo and Lourenco, 2007; for review, see Umiltà
et al., 2009). This bias mirrors, in the number space, the well-
known asymmetries observed when healthy participants deploy
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their visuospatial attention in the physical space (for a review on
pseudoneglect in physical space,see Jewell and McCourt,2000).
Nevertheless, in a recent paper reporting the case study of a
patient with right-sided neglect following left hemisphere dam-
age, van Dijck et al. (2011) have proposed that the misbisection
patternobservedinneglectpatientsduringnumberintervalbisec-
tion is due to a deﬁcit in processing the initial items in a sequence
tobeheldinverbalworkingmemory,ratherthanaconsequenceof
neglect (also see Fias et al., 2011, for review). If this were the case,
onewouldexpectthatmanipulationofspatialvariablesshouldnot
affectneglectforthenumberspace,giventhatthesemanipulations
do not affect verbal working memory. There are two published
studiesthataredifﬁculttoreconcilewiththeverbalworkingmem-
ory account. First, Rossetti et al. (2004) showed that the overall
rightward bias of left neglect patients in bisecting mental number
intervals can be ameliorated following adaptation to rightward-
shifting prisms, a well-known and widely used technique for
rehabilitating visuospatial attention deﬁcits of neglect patients.
Second, Salillas et al. (2009) reported that leftward, coherent dot
movement can improve the difﬁculties of left neglect patients in
judging the magnitude of numbers, which are smaller (e.g., 4)
than a reference number (e.g., 5). Note that this task is minimally
based on verbal working memory resources, because participants
must remember only one item (i.e., the reference number) for
performing the task.
The aim of the present study was to investigate whether opto-
kinetic stimulation (OKS)–at e c hnique inducing visuospatial
attention shifts by means of elicitation of the optokinetic nys-
tagmus (for review,see Kerkhoff,2003) – would inﬂuence mental
number interval bisection in a way similar to the way OKS affects
physical line bisection. Indeed, Pizzamiglio et al. (1990) have
shown that, with respect to a static OKS condition, leftward OKS
improves physical line bisection, whereas rightward OKS deteri-
orates physical line bisection. Pizzamiglio et al. (1990) showed
that these effects were particularly strong and evident in neglect
patientswithrespecttocontrols.Wetestedoneleftneglectpatient
(BG) and four right-hemisphere damaged control patients with-
out neglect. We postulated that if a deﬁcit in verbal working
memory was the reason underlying number interval misbisec-
tion, then OKS should have no effects on the performance of the
left neglect patient. In contrast, if neglect was the core deﬁcit,
leftward OKS should improve number interval bisection,whereas
rightwardOKSshoulddeteriorateit.Finally,incontrastwithSalil-
las et al. (2009) who used coherent dot motion, in the present
study OKS consisted in fast-moving vertical stripes, a visuosen-
sory manipulation which elicits the optokinetic nystagmus (see
below).
MATERIALS AND METHOD
CASE DESCRIPTION
BG, a 64-year-old, right-handed man with 4years of educa-
tion, suffered a right-hemisphere ischemic stroke. He had neg-
ative neurological and psychiatric history. A computed tomog-
raphy (CT) scan, performed immediately after his stroke, evi-
denced a hypodense area in the temporo-parietal region of the
right cerebral hemisphere that was extended subcortically to
the ventricular-thalamic regions. A second CT scan revealed
Table 1 | Demographic, clinical, and psychometric data of the
participants.
BG SL BGA CP CL
Sex M FE M M M
Age (years) 64 55 71 72 54
Education (years) 4 8 5 18 10
Handedness R RRRR
Lesion site TPThPv FTP FP BN Th
Lesion etiology IS IS IS HS IS
MMSE 23.4/30 30/30 28.3/30 30/30 24/30
BIT CONVENTIONAL SUBTESTS
Line crossing 36/36 36/36 36/36 36/36 36/36
Letter cancelation 11/40 40/40 36/40 40/40 38/40
Star cancelation 40/54 54/54 54/54 53/54 54/54
Figure copy 0/3 2/3 2/3 3/3 2/3
Shape copy 1/1 1/1 1/1 1/1 1/1
Line bisection 6/9 9/9 9/9 9/9 9/9
Spontaneous drawing 1/3 1/3 0/3 2/3 1/3
Total score 95/146 143/146 138/146 144/146 141/146
M, male; FE, female; MCA, middle cerebral artery territory; F , frontal;T, temporal;
P , parietal;Th, thalamic; Pv, paraventricular; BN, basal nuclei; R, right; IS, ischemic
stroke; HS, hemorrhagic stroke.
an extensive hypodense right cerebral lesion accompanied by
non-homogeneous, paraventricular-thalamic areas of hypoden-
sity;medianstructureswereinaxis.AnotherCTscanreconﬁrmed
thepresenceof thesamehypodenseareas.Duringhospitalization,
BG was complied with physical therapy for left body hemiparesis
and neuropharmacological treatment. At the moment of testing,
BG was able to take short walks with the help of a tripod, but he
mainly used the wheelchair to move himself.
BG underwent formal neuropsychological evaluation. He was
alertandcollaborative,andorientedtopersonalinformation,even
if he was only partially oriented in time and space. He had no
memoryorcommunicationdifﬁcultiesineverydaylife,despitehis
hypoacusia, which was present even before his stroke. His social,
behavioral,andemotionalcontrolremainedwelladapted.Clinical
signsof leftneglect,consistinginspontaneousheadandgazedevi-
ation toward the ipsilesional hemispace, were present. His score
on the conventional part of the Behavioral Inattention Test (BIT;
Wilson et al., 1987) was below the cut-off, revealing that BG was
affected by left neglect. BG gave his informed consent in order to
participate in the study, according to the Declaration of Helsinki.
Demographic, clinical, and psychometric data of BG are reported
in Table 1.
RIGHT-HEMISPHERE DAMAGED CONTROL PATIENTS
Four patients (SL,BGA,CP,CL;mean age 63years,SD 9.83,mean
education 10.25years, SD 5.56) with right-hemisphere stroke,
but without left neglect (hereafter RBDN-group) took part in
the study, after giving their informed consent according to the
Declaration of Helsinki. Inclusion criteria comprised absence of
dementia,substance abuse,and psychiatric disorders. Left neglect
was assessed through the conventional part of the BIT (Wilson
et al.,1987):all control patients obtained a score above the cut-off
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Table 2 |The complete set of number intervals.
Length Units Teens Twenties
3 1–3, 2–4, 3–5,
4–6, 5–7 , 6–8,
7–9
11–13, 12–14, 13–15,
14–16, 15–17 , 16–18,
17–19
21–23, 22–24, 23–25,
24–26, 25–27 , 26–28,
27–29
5 1–5, 2–6, 3–7 ,
4–8,5–9
11–15, 12–16, 13–17 ,
14–18, 15–19
21–25, 22–26, 23–27 ,
24–28, 25–29
7 1–7 , 2–8, 3–9 11–17 , 12–18, 13–19 21–27 , 22–28, 23–29
9 1–9 11–19 21–29
Total 16 16 16
(129/146). The MMSE (Magni et al., 1996) was also administered
to exclude the presence of general cognitive impairments. Demo-
graphic, clinical, and psychometric data of control patients are
reported in Table 1.
MENTAL NUMBER INTERVAL BISECTION TASK
Stimuli
Stimuli and procedure were the same as those used by Zorzi et al.
(2002; see also Priftis et al., 2006). Forty-eight forward (e.g., 1–9)
and48backward(e.g.,9–1)numberpairswereorallypresentedto
the participants. Each trial was presented once, in random order.
Eachnumberpairdeﬁnedaspeciﬁcnumberinterval,whoselength
wasthree(e.g.,1–3),ﬁve(e.g.,1–5),seven(e.g.,1–7),ornine(e.g.,
1–9). Each number interval was presented within the units (e.g.,
1–5), the teens (e.g., 11–15), and the twenties (e.g., 21–25). The
complete set of number pairs is reported in Table 2.
OPTOKINETIC STIMULATION
Stimuli
Optokineticstimulationconsistedof movingwhiteverticalstripes
(width: 1cm, height: 11.5cm, luminance: ∼76cd/m2), presented
against a black background (luminance: 0.42cd/m2) at the speed
of 8.4cm/s. The inter-stripe distance was 1cm.
APPARATUS AND PROCEDURE
A notebook (Intel® Pentium® M, CPU: 1.86GHz, RAM: 512MB,
graphics card: 128MB, 15   screen, refresh rate: 60Hz, 32bit col-
ors, 1400×1050 pixel resolution) was used to display the OKS.
All participants were tested in the same room and under the
same luminance condition. The experiment was composed by a
preliminary session followed by an experimental session. In the
preliminarysession,participantssatinfrontof thescreen.Achin-
rest was used to keep the eyes of the participants at a distance of
40cm from the screen. Participants were asked to ﬁxate the center
ofthescreenwhileeitherleftwardorrightwardOKSwaspresented.
All participants had normal optokinetic nystagmus,characterized
by a slow phase of eye movement toward the direction of the
OKS and a rapid phase opposite the direction of the OKS. In the
experimental session, participants remained positioned in front
of the screen, with their head ﬁxed in the chinrest. Participants
were asked to look at the center of the screen. The experimenter
sat behind the screen out of the participants’view and controlled,
usingacamcorder,whethertheparticipantsshowedthenystagmus
and whether they maintained their gaze on the screen. During the
presentation of the OKS conditions (static, leftward, rightward),
participants were presented with spoken number pairs and they
were asked to say aloud which number was halfway between the
ﬁrst and the second number of each pair (e.g., the experimenter
asked:“Whatnumberishalfwaybetween1and9?”).Therewasno
time limit for the participants to perform the task. The number
pairs were repeated to the participants whenever required. OKS
was presented to the participants in three separate blocks (sta-
tic, leftward, rightward) in three consecutive days (one block on
each day).
RESULTS
For each participant and for each number interval, the mean
difference between observed (O) and correct (C) responses (dO–
C) was calculated (see Table 3). For each participant and con-
dition, responses above and below 3 SD from the mean were
excluded from the statistical analyses. The resulting number
of outliers was very small (BG: static 2.83%, leftward 2.83%,
rightward 0%; RBDN: static 0.26%, leftward 2.08%, rightward:
0.78%).
For each participant and each condition of OKS (static, left-
ward,rightward),Pearson’sr coefﬁcientswerecalculated(number
interval length vs. dO–C). We used speciﬁc tests for comparing
the Pearson’s r coefﬁcient of BG with those of the RBDN-group
(Crawford et al., 2003). In the static condition (see Figure 1),
BG misbisected signiﬁcantly to the right of the true midpoint
(r =0.25), as a function of number interval length, t(3)=3.527,
dO–C=0.019, one-tailed, showing the typical pattern of men-
tal number interval bisection observed in left neglect patients.
Leftward OKS (see Figure 2) improved the performance of BG,
which became not signiﬁcantly different (r =0.07) from that of
RBDN-controls,t(3)=0.271,p =0.402,one-tailed.Finally,right-
ward OKS (see Figure 3) induced BG to misbisect again to the
right of the true midpoint, as a function of number interval (BG:
r =0.41),t(3)=2.551, p =0.042, one-tailed.
LeftwardandrightwardOKSappearedtoinduceareductionof
the SE in BG (SE across interval lengths=static: 1.323, leftward:
0.736, rightward: 0.321; also see Figures 1–3). Therefore, we per-
formedfurtheranalysestoassesswhetherthechangeinvariability
inBG’sperformance,asafunctionofOKScondition,wasdifferent
fromthatof controls.Tothisaimweusedtherevisedstandardized
differencetest(CrawfordandGarthwaite,2005),whichisdesigned
to test the difference of a patient’s performance in two conditions,
with respect to that of controls. With respect to the static condi-
tion,bothleftwardandrightwardOKSdecreasedBG’sSE[staticvs.
leftward OKS,t(3)=19.049,p =0.0003,two-tailed; static vs. left-
ward OKS,t(3)=15.386,p =0.0006,two-tailed]. Finally,BG’s SE
was smaller in the rightward than in the leftward OKS condition,
t(3)=8.831,p =0.0003.
DISCUSSION
BG, a left neglect patient, misbisected to the right of the true
midpoint of number intervals. His performance signiﬁcantly
improved following leftward OKS given that it became indistin-
guishable from that of control patients. BG misbisected again
to the right of the true midpoint of the number intervals fol-
lowing rightward OKS. Although it may appear that rightward
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T a b l e3|F o re a c hp a r ticipant the mean dO–C and the associated SE is reported, as a function of number interval length and OKS.
Length 3 5 7 9
Mean SE Mean SE Mean SE Mean SE
STATIC OKS
Patient BG 0.049 0.324 0.133 0.266 1.118 0.624 3.667 4.080
RBDN-1 0.000 0.000 −0.167 0.097 −0.222 0.173 0.167 0.307
RBDN-2 0.000 0.000 0.000 0.000 0.056 0.151 −0.500 0.224
RBDN-3 0.000 0.000 0.000 0.000 0.000 0.081 −0.333 0.211
RBDN-4 0.000 0.000 −0.133 0.063 −0.111 0.137 −0.667 0.211
LEFTWARD OKS
Patient BG 0.317 0.417 0.233 0.257 0.471 0.550 1.167 1.721
RBDN-1 0.000 0.000 −0.033 0.102 −0.056 0.235 1.000 0.365
RBDN-2 0.000 0.000 0.000 0.000 −0.056 0.171 0.000 0.258
RBDN-3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
RBDN-4 0.000 0.000 −0.103 0.076 −0.278 0.195 0.333 0.422
RIGHTWARD OKS
Patient BG 0.095 0.243 0.400 0.265 0.667 0.443 3.333 0.333
RBDN-1 0.000 0.000 0.000 0.096 −0.167 0.167 0.500 0.500
RBDN-2 0.000 0.000 0.000 0.000 −0.167 0.185 0.333 0.333
RBDN-3 0.000 0.000 0.000 0.000 −0.056 0.098 0.000 0.000
RBDN-4 0.220 0.096 −0.414 0.195 0.500 0.167 0.000 0.365
FIGURE1|I nt h estatic OKS condition, BG misbisected to the right of
the true midpoint, as a function of number interval length.
OKS did not affect BG’s performance in comparison to the static
condition (compare Figures 1 and 3), we found that rightward
OKS strongly decreased variability of response with respect to the
static condition.
Neglect patients’ response variability in visual line bisection is
attributed to a pathologically extended“indifference zone”(Mar-
shall and Halligan,1989; Olk et al.,2004; Bonato et al.,2008). The
“indifferencezone”theorysuggeststhatthebisectionbiasisdueto
an increasedWeber fraction,which increases,in turn,the discrep-
ancy between two lines, which are judged as equal in length. This
accountsfortheeffectof linelength(MarshallandHalligan,1989)
and for the inconsistent perception of the line center in neglect
FIGURE2|I nt h el e f t w a r dO K Scondition, BG bisection did not differ
from that of controls. Even for length 9 the mean dO–C of RBDN – did not
differ from 0, t(3)=1.663, p =0.194.
(Olk et al., 2004). Neglect severity is directly related to the size of
the“indifference zone”(Bonato et al.,2008). The notion of“indif-
ference zone”can be also applied to number interval bisection. In
BG, both rightward and leftward OKS decreased variability with
respect to the static condition. Thus, we suggest that the effect of
biasing visuospatial attention in either direction through the OKS
wastodecreasethe“indifferencezone”andtomakeBG’sresponses
more consistent than in the static condition. Note that variability
in the rightward OKS condition was even smaller than that in the
leftward OKS condition; this suggests that BG responded in the
mostconsistentwaywhentheattentionbiasinducedbyrightward
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FIGURE3|I nt h er ightward OKS condition, BG misbisected to the
right of the true midpoint, as a function of number interval length.
Even for length 9 the mean dO–C of RBDN – did not differ from 0,
t(3)=1.414, p =0.252.
OKShadthesamedirectionof thepathologicalattentionbias(i.e.,
rightward) due to left neglect. The smaller variability in the right-
ward OKS condition also explains why the Pearson’s r coefﬁcient
(correlation between dO–C and interval length) was larger in this
conditioncomparedtothestaticcondition(r =0.41 vs.r =0.25),
eventhoughthemeandO–Csweresimilar.Moreover,thefactthat
rightward OKS did not increase BG’s bias in terms of dO–C over
and above his dO–C in the static condition, is likely to reﬂect a
ceiling effect.
Thus, OKS can inﬂuence not only the perceived space (for
review, see Kerkhoff, 2003), but also the imaginal space of the
MNL.Ourﬁndingsrunagainsttherecentproposalthatthemisbi-
sectionpatternobservedinneglectpatientsduringmentalnumber
intervalbisectionisnotduetoneglect,buttoadeﬁcitinprocessing
the initial items in a sequence to be held in verbal working mem-
ory (Fias et al., 2011; van Dijck et al., 2011). If this were the case,
OKS should have not affected number interval bisection in BG,
becausethesameverbalworkingmemoryresourceswererequired
in all the three OKS conditions (i.e.,static,leftward,rightward) to
perform the task. In contrast, the ﬁnding that the manipulation
of visuospatialattentioninﬂuencedBG’sperformancecanbeonly
explained by the hypothesis that his misbisection pattern was due
to left neglect for the number space.
Our ﬁndings are in favor of a functional isomorphism (or
homeomorphism) between the perceived space and the imaginal
space of the MNL, as originally proposed by Zorzi et al. (2002).
Indeed, the two spaces must have similar metrics (e.g., can be
deﬁned according to Cartesian coordinates) and can be modu-
latedbythedeploymentof similar–thoughindependent–spatial
attention mechanisms. The independence of the number space
from the perceived space is conﬁrmed by double dissociations,
which have been reported when left neglect patients bisect phys-
ical lines vs. mental number intervals (see Rossetti et al., 2004;
Zorzietal.,2004;Doricchietal.,2005).Nonetheless,performance
of leftneglectpatientsinthetwotasksisremarkablysimilar(Zorzi
et al., 2006; Cappelletti et al., 2007) and can be correlated (Yang
et al., 2009; see also Longo and Lourenco, 2007, for evidence of
pseudoneglect). Furthermore, interactions between the perceived
spaceandtheimaginalspaceoftheMNLhavebeenrevealedbythe
effects of spatial variables on number processing (for studies on
leftneglectpatients,seeRossettietal.,2004;Salillasetal.,2009;for
studies on neurologically healthy participants,see Loetscher et al.,
2008; Stoianov et al., 2008; Nicholls and McIlroy, 2010; Cattaneo
et al., 2011; Kramer et al., 2011) and by the effects of numerical
variables on spatial processing (for studies on left neglect patients,
seeBonato et al.,2008;Loftus et al.,2008;for studies on neurolog-
ically healthy participants, see Fischer et al., 2003; Galfano et al.,
2006; Casarotti et al., 2007; Cattaneo et al., 2009).
We conclude that our ﬁndings conﬁrm and expand those of
otherstudiesrevealingthepresenceofrobustinteractionsbetween
thedeploymentof attentionintheperceivedspaceandthedeploy-
ment of attention in the imaginal space of the MNL. These inter-
actions challenge both the verbal working memory account of
number space in neglect patients (Fias et al.,2011;van Dijck et al.,
2011) and the non-spatial accounts of number–space interactions
that have been proposed by Gevers et al. (2006) and by Proctor
and Cho (2006).
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